Sea buckthorn (Hippophae rhamnoides L.) plantations play crucial roles in the prevention of soil erosion and control of desertification on the Qinghai-Tibetan Plateau; however, the limited information on the age-related water uptake patterns of H. rhamnoides and their relationships with associated grasses species weakens our understanding of how these factors influence the management of H. rhamnoides plantations. Therefore, this study investigated the seasonal variations in water uptake patterns of different-aged H. rhamnoides and their associated species via stable isotopes and leaf water potential analyses. The model results showed that seedling (Hs) and juvenile (Hj) H. rhamnoides extracted water mainly from shallow and middle soil layers throughout the growing seasons, whereas mature H. rhamnoides (Hm) exhibited high plasticity, shifting water source between shallow soil water and groundwater when the former become less available. By contrast, the associated grasses (Taraxacum mongolicum, Thermopsis lanceolata, and Polygonum sibiricum) mainly absorbed shallow soil water across the whole growing seasons, suggesting that direct competition for shallow soil water occurred between grasses and H. rhamnoides. In addition, the obviously higher δ 13 C values of Hj with more negative predawn (mean Ψ pd , −1.37 MPa) and midday (mean Ψ md , −2.23 MPa) leaf water potential indicated the Hj experienced greater water stress relative to Hs and Hm. These results provide new understanding of the seasonal water use strategies of different-aged H. rhamnoides, which will be important for the successful management of plantations in this region.
| INTRODUCTION
Water is crucial to terrestrial plants, affecting their survival and growth, particularly in arid and semiarid regions (Eggemeyer et al., 2009; Zhu & Jia, 2011; Zhou, Zhao, & Zhang, 2017) . Therefore, plants have evolved various water-use strategies to cope with water stress, such as increasing the utilization of stable water sources (e.g., groundwater) or reducing water loss (e.g., stomatal limitation) during their different life-history stages (Donovan & Ehleringer, 1992; Jia, Zhu, & Liu, 2012; Su, Li, Liu, Xu, & Sun, 2014; Wu et al., 2018) . Mature plants generally have deeper roots and rely on deeper water sources than do young plants, thereby alleviating the influence of drought during the growing season. Thus, young plants are more susceptible to water shortages and stress compared with mature adult plants (Donovan & Ehleringer, 1992; Jia et al., 2012; Kerhoulas, Kolb, & Koch, 2013) .
Moreover, climate models predict the increasing frequency of high air temperature and low precipitation events in many arid and semiarid regions worldwide (Stocker et al., 2013) , thus negatively impacting soil water availability (Zhu et al., 2017) . These changes in precipitation patterns are likely to increase the number and length of seasonal droughts during the growing season, inducing dieback and mortality of reforested plant species, especially of seedlings and other young plants (Barbeta et al., 2015) . Hence, there is an urgent need to explore the water uptake patterns of plants in response to changes in soil water availability; such an understanding will be important if we are to regulate the survival strategies of plants in response to drought in arid and semiarid regions, and manage reforestation programmes under the recent climate change (Liu, Li, Duan, & Li, 2010; Song, Zhu, Li, & Zhang, 2016) .
Numerous studies using stable isotope tracers have revealed the water-use patterns of different-aged or -sized plants in arid and semiarid regions (Dawson, 1996; Donovan & Ehleringer, 1992; Song et al., 2016) . For example, Liu et al. (2015) found that young Populus euphratica in the lower Heihe River of Northwest China primarily extracted soil water from upper soil layers (0-50 cm), whereas mature P. euphratica used water from deeper soil layers (> 100 cm), implying that P. euphratica efficiently alleviates competition for water between different age classes. Another study by Liu et al. (2010) observed that brevideciduous Pometia tomentosa seedlings proportionally absorbed water from the shallow soil layer derived from fog water, whereas adult P. tomentosa tree mostly tapped water from soil at depths greater than 60 cm or from groundwater, suggesting that seedlings of this species are more vulnerable to water shortages than the adult trees. Seedling of Ulmus pumila often suffer from severe water stress because of the reduction in the upper soil content during dry summers, and most current-year seedlings die because of their vulnerability to drought (Su et al., 2014) . Hence, it is necessary to investigate the differential water uptake patterns of different-aged plants across seasons to improve our understanding of plant-water relations (Kerhoulas et al., 2013; Su et al., 2014; Zhu & Jia, 2011) . However, relatively few studies have focused on the age-related water-use patterns of plants in alpine habitats, given that these are now significantly influenced by climate change and human activities (Hao, 2008; Leng et al., 2013) .
Sea buckthorn (Hippophae rhamnoides L.), as a typical shrubby reforestation plant used as the desertification control project of China, has physiological and morphological traits that allow it to grow under conditions of frequent aridity and salinity (Li & Schroeder, 1996; Li, Xu, Zang, Korpelainen, & Berninger, 2007; .
It is native to Europe and Asia and is naturally distributed on river banks and costal dunes (Oremus, 1979; Richards & Burningham, 2011) . Natural stands and plantations of this shrub characterize forest stand structures, with canopy coverage exceeding 55% and reaching a height of more than 2 m (Isermann, Diekmann, & Heemann, 2007; Li & Schroeder, 1996) . H. rhamnoides plays a vital role in preventing soil erosion and regulates the microclimate by reducing the wind speed and, thus, maintaining the ecological stability of desert ecosystems (Wu et al., 2014) . Therefore, H. rhamnoides has been considered an important candidate shrub species for reforestation in the Qinghai Lake watershed to stabilize active sand dunes and mitigate soil erosion. This shrub species was first introduced during the early 2000s to counteract desertification around the Qinghai Lake, and large areas of pure H. rhamnoides plantations were planted in the region of "Reconversion of Farmland to Grassland and Forest (RFGF)" (Chen, Chen, & Gou, 2008; Lu, Liu, Li, & Zhao, 2015) . This area now exceeds 1.8 × 10 6 km 2 in this watershed alone. However, the introduced H. rhamnoides plantations have low survival rate with increasing age because of the increasing intensity and duration of seasonal droughts in this region (Chen et al., 2008) . Some studies have determined that water deficit is a main cause of H. rhamnoides plantation of low survival rate in response to the decline in groundwater levels (Chen et al., 2008) , which may alter the water sources used by reforestation plants. However, there is a lack of published information on the water acterized by small precipitation events (e.g., 0-5 mm) . The soil in the study area mainly comprises chestnut soil, with an average soil thickness of 60-100 cm.
The study area is located close to the Qinghai-Tibet Railway, which is characterized by large areas of cropland and grassland. However, desertification and soil erosion have already seriously threatened the ecological safety of Qinghai Lake, attracting international and national attention. During the 2000s, the local Qinghai province government initiated the ecological rehabilitation "Grain for Green Program" by reconverting degraded farmland to grassland and forest (RFGF) (Chen et al., 2008) . The experimental sites established at different time points provide the opportunity to assess the ecohydrological processes of H. rhamnoides of different ages. In the current study, 10-and 5-year-old reforestation experimental sites were selected in the region of RFGF, with the 10-year-old site neighbouring national road 315 (G315) and the 5-year-old site adjacent to the Qinghai-Tibet Railway (Figure 1b) . Two-year-old H. rhamnoides were included in the 10-year-old H. rhamnoides reforestation experimental sites because these seedlings were used to replenish the gap of the dieback of mature H. rhamnoides. We established one plot (100 m × 100 m) at each of the 10 and 5-year-old reforestation experimental sites. Three quadrats (5 m × 5 m) were randomly selected from each plot, and the characteristics of different-aged H. rhamnoides (height, density, survival rate, and diameter) were determined ( Table 1 ).
The period of plant phenology in the study area ranged from early June to late September. Understory species were dominated by shallow-rooted grasses such as Polygonum sibiricum and Allium tanguticum at the 5-year-old plots and by Taraxacum mongolicum, Thermopsis lanceolata, Carex stipitiutriculata, and Leymus chinensis at the 10-year-old plots. The average individual coverage of understory grass species was 45 and 86%, estimated using 1 m × 1 m quadrats at the 5-and 10-year-old sites, respectively. The soil particle size of each plot are given in although only a few tap roots of Hs, Hj, and Hm reaching deeper than the 50-, 70-, and 80-cm soil layers were found, respectively, these roots were not collected because of the small proportion of root biomass that they represented. The vertical distribution of the root biomass is shown in Figure 2 . were removed to avoid any isotopic fractionation of the xylem water.
Dominant associated grasses including P sibiricum, T. mongolicum, and T. lanceolata, were selected from the 5-and 10-year-old sites (Table 3 ). The root crown of each grass was dug up because it represents the water source used by the plant (Barnard, de Bello, Gilgen, & Buchmann, 2006) . All plant samples were immediately placed in capped glass vials, wrapped in Parafilm, and stored in a freezer until water extraction using cryogenic vacuum distillation.
Concurrent with the plant sampling, soil water samples were collected using a hand auger for soil cores at each plot. Three soil cores were collected close to the shrub canopy on a given sampling date.
The total soil depth sampled was 0-80 cm at the 10-year-old site, at 10-cm intervals from a depth of 0 to 40 cm, and at 20-cm intervals from a depth of 40 to 80 cm. By contrast, the total soil depth sampled was 0-60 cm at the 5-year-old site. Soil samples from a depth of 0 to 40 cm were collected at 10-cm intervals, with a final sample at 60 cm.
The soil samples were used for isotopic analysis and the measurements of gravimetric soil water content (SWC) determined by oven drying at 105°C for 24 h.
Groundwater samples were collected from a drinking well in the study site ( Figure 1b ) and the groundwater level was measured by meter ruler on each sampling date. Precipitation samples were collected after each rain event using a rain collector at the SSBF research station from April to September, 2014 ( Figure 1a ). All water samples were immediately enclosed in airtight glass vials and stored in a refrigerator at 4°C until isotopic analysis in the laboratory. In addition, precipitation amounts and air temperature in the study area were recorded by the automatic weather station located near the study sites ( Figure 1b ).
| Leaf water potential measurements and leaf δ 13 C sampling
Leaf water potential (Ψ l ) is a major factor in stomatal regulation because the stomatal aperture responds directly to guard cell turgor (Franks et al., 1995) . For each age class, three to five mature leaves from sun-exposed terminal branches of individual plants were selected to measure Ψ l from July to September. Predawn and midday Ψ l were measured using a Dewpoint Potential Meter (WP4-T, Decagon
Devices, Inc., USA) from 05:00 to 06:00 h and from 12:00 to 13:00 h, respectively.
The leaf stable carbon isotope (δ 13 C) is generally used as an indicator of water stress-induced changes in the degree of stomatal limitation of net photosynthesis during plant growth (Flanagan & 
| Stable isotope analysis
Plant and soil water samples were extracted using a cryogenic vacuum distillation system (West, Patrickson, & Ehleringer, 2006 O. Given the presence of organic contaminants in water cryogenically extracted from plant tissues, the δD and δ
18
O of xylem water were corrected following the detailed procedure by .
Carbon isotopic analyses were conducted using a Thermo Finnigan Delta plus XP isotope ratio mass spectrometer (Thermo 
| Data and statistical analysis
The IsoSource mixing model (Phillips & Gregg, 2003) 
| Seasonal changes in plant water sources
The utilization of the different water sources by reforested plants at the 5-and 10-year-old sites were estimated using an IsoSource mixing model based on the δ 18 O values (Table 6 ). The models results predicted that, at the 5-year-old site, both Hj and P. sibiricum mainly took up water from the upper soil layers (shallow and middle layers) throughout the growing season, with a mean value of 79.8% ± 9.25% and 96.2% ± 2.97), respectively (Table 6 ). Only a small proportion of groundwater was used by Hj and P. sibiricum, ranging from 0 to 9.4% (Table 6 ). By contrast, at the 10-year-old site, Hm and Hs used a high proportion of water from shallow soil layers (45.1% ± 5.7% and 95.1% ± 1.6%, respectively), during the early growing season. At the peak of the growing season, water uptake by Hm and Hs shifted to the deeper soil layers, with Hm extracting a high proportion of groundwater on July 31 (53.7% ± 13.1%) because of the dryness of the shallow soil layers. On August 16 and September 12, Hm and Hs mainly acquired water from the upper soil layers (shallow and middle), with the proportion varying from 41.6% ± 11.3% to 72% ± 16% (Table 6 ). However, T. mongolicum and T. lanceolata primarily used water from shallow soil layers (63.7-100%) from July 5 to September 12 (Table 6 ).
| Ψ and δ 13 C values
The values of predawn (Ψ pd ) and midday (Ψ md ) Ψ varied with sampling dates and age of H. rhamnoides ( Hs and Hm (p > 0.05), except for Ψ md on July 5 (Table 5) .
Similar to Ψ, the leaf δ and August 16, and July 5 and July 31, respectively. However, significant differences among age classes were found on specific sampling dates; for example, significant differences between Hm and Hj occurred on all dates other than on July 5 (p < 0.05) (Figure 6 ).
TABLE 4 Precipitation amount (P), and the number (N) and frequency (c) of precipitation events based on events size classes for 2014
0 < P ≤ 5 mm 5 < P ≤ 10 mm 10 < P ≤ 15 mm 15 < P ≤ 20 mm 20 < P ≤ 25 mm 25 < P ≤ 30 mm > 30 mm showed that Quercus alba L. mostly used water from soil layers 5-40 cm deep during early spring when shallow soil water was plentiful.
Hence, shallow soil water was an important water source for plant transpiration during the early growing season. Shallow SWC was high at the 5-and 10-year-old site because of the irrigation event, which could facilitate the growth of fine roots related to nutrient uptake during the early growing seasons (Retzlaff, Blaisdell, & Topa, 2001) . Moreover, the lateral roots of different-aged H. rhamnoides were mainly distributed in the 0-30 cm soil layer (Figure 2 ), enabling the plant to take advantage quickly of infiltrating water supplied by rain showers.
FIGURE 5
Seasonal variation in xylem water, soil water, and groundwater at the 5-(a-e) and 10-year-old (f-j) sites Predawn 7/5/14 −1.21 ± 0.16aA −1.37 ± 0.21aB −1.69 ± 0.13aC Midday −1.69 ± 0.18aA −2.15 ± 0.05aB −2.69 ± 0.11aC 7/31/14 −1.19 ± 0.24aA −1.51 ± 0.13bB −1.06 ± 0.23bA −2.27 ± 0.22bA −2.64 ± 0.33bB −2.11 ± 0.09bA 8/16/14 −1.12 ± 0.38aA −1.36 ± 0.07aB −1.08 ± 0.04bA −1.91 ± 0.21cA −2.26 ± 0.17aB −1.73 ± 0.20cA 9/12/14 −1.34 ± 0.14bA −1.23 ± 0.16aB −1.49 ± 0.23aA −2.11 ± 0.09bA −1.86 ± 0.07cB −2.23 ± 0.14bA
Note. Different lowercase and uppercase letters indicate a significant difference (p < 0.05) with a least significant difference test across sampling date within each column and age classes within each row for Ψ pd and Ψ md , respectively.
However, as the shallow water become less abundant (Figure 4) , the water source used by Hs and Hj showed no obvious changes, whereas Hm were able to shift their supply from shallow to groundwater during the peak growing season and then from to the shallow soil layers to exploit the high shallow SWC during the later growing season (Table 6 ). Thus, Hm exhibited a high degree of plasticity in terms of the sources of water exploited by this dimorphic-rooted species. This ability results from a root system that preferentially acquires water from deeper soil layers but can alternatively use shallow soil water; it has been shown elsewhere that old and/or mature reforested plants depend more on deep soil water and groundwater compared with younger trees Song et al., 2016; Su et al., 2014; Zhou et al., 2017; Zhu & Jia, 2011) , which is consistent with our first hypothesis. For example, Liu et al. (2015) observed that young P. euphratica mainly relied on upper soil water (0-50 cm), whereas mature trees used water from both deeper soil water (> 100 cm) and groundwater because of the higher soil moisture content and greater distribution of roots in the deep soil layers. Song et al. (2016) found that 10-and 22-year-old Mongolian pines only extracted soil water, whereas 32-and 42-year-old trees utilized both soil water and groundwater because of their deep taproots. Hence, the contrasting water sources used by different-aged reforested plants are largely determined by vertical root distributions and soil water availability (Ohte et al., 2003; Zhou, Zhao, Zheng, & Li, 2015 ).
In the current study, the roots of different-aged H. rhamnoides were mainly distributed in the middle soil layers (0-30 cm) (Figure 2 ). A previous study by Li and Schroeder (1996) soil (Oliveira et al., 2005) . However, this should be required to investigate further.
The Ψ l results showed that Hj had significantly more negative than Hm and Hs (Table 5) , consistent with our second hypothesis and suggesting the more severe water stress of Hj. This result is in contrast to previously reported results (Su et al., 2014) . For example, Su et al. (2014) showed that current year U. pumila seedlings with low Ψ l values were more susceptible to water stress relative to other age classes in semiarid sandy areas of northern China. These contrasting results could partially be explained by the difference of soil thickness and soil parcel size (Table 2 ). Higher deep SWC showed at the 10-year-old site relative to the 5-year-old site because of its high proportion of medium sand in the deep soil layers (Table 2 and Figure 4) ., which could alleviate water stress during the peak growing seasons (more positive Ψ for Hs and Hm, Table 5 ). Similarly, consistent with our second hypothesis, Hj had higher δ
13
C values compared with mature and seedling H. rhamnoides, while the lower δ 13 C values of Hm was found, indicated that it might suffer less water stress for
Hm because it can use groundwater to replenish any soil water deficiency during the growing season (Su et al., 2014) . This corresponds with results from a study of Salix matsudana, a tree used for reforestation in the semiarid desert of Inner Mongolia China (Ohte et al., 2003) ,
where S. matsudana depended on soil water or groundwater and had a low water-use efficiency experiencing great water stress that enabled it to maintain higher growth rates compared with Sabina vulgaris and Artemisia ordosica. However, a high δ 13 C value of juvenile H. rhamnoides suggested it suffered low water stress to maintain high C uptake rates, while preventing excessive water loss (Flanagan & Farquhar, 2014) , implying that Hj use this as a water conservation strategy.
| Water sources used by H. rhamnoidesassociated grasses
Water source did not differ between grass species (T. mongolicum, T. lanceolata, and P. sibiricum) at either the 5-or 10-year-old sites. Isotopic values corresponded well with those of the shallow soil water ( Figure 5) , and the models showed that grasses predominately extracted water from the shallow soil layers (0-10 cm) throughout the growing season, with a mean value of 91.6% ± 11.3% (Table 6 ).
These results are consistent with our third hypothesis. The dependence on shallow soil water in semiarid habitats might reflect a high tolerance to low-resource environments and a reliance on rapid fine root turnover in response to water pulses and shortages (Asbjornsen et al., 2008; Eggemeyer et al., 2009) . Other studies also found that grasses of the shortgrass steppe of Colorado (Dodd, Lauenroth, & Welker, 1998) , and the Corn Belt region in Midwestern USA (Asbjornsen et al., 2008) use predominately shallow soil water. Our field surveys observed that the grasses in our study had an extensive network of lateral roots mainly distributed in the shallow soil layers (data not shown), playing a vital role in their water use patterns throughout the growing seasons, which is consistent with the global root distribution surveys reported by (Schenk & Jackson, 2002) . The overlap in exploitation of moisture by grasses and Hs was found within the shallow (0-10 cm) soil layers, which would exacerbate their competition for shallow water resources during the growing seasons (Kambatuku, Cramer, & Ward, 2013) . However, shallow water resources play vital roles in nutrient acquisition by plants from shallow soil layers for leaf proliferating especially during the early growing seasons (Williams & Ehleringer, 2000) . Hence, this competition for shallow water moisture between H. rhamnoides and grasses may induce the susceptibility of roots to xylem cavitation for H. rhamnoides. This water competition will have important implications for the low survival rate for mature H. rhamnoides in the RFGF.
| Implications for H. rhamnoides reforestation management
Water availability has frequently been shown to impact the distribution and ecosystem functions in arid and semiarid ecosystems (Ehleringer, Schwinning, & Gebauer, 1999; Nippert & Knapp, 2007) .
Our results showed that shallow soil water was the main water source used by different-aged reforestation plants and grasses during the growing season ( Figure 5 and Table 6 ) because of the high concentration of nutrients and fine roots in the shallow soil layer (Li & Schroeder, 1996; Ohte et al., 2003) . Hence, the presence of shallow soil water plays a crucial role in plants transpiration and growth. However, there was substantial fluctuation in shallow SWC induced by precipitation input and evaporation in our study sites, dominated by small precipitation events (0-5 mm) (Table 4 ). This suggests that Hj were more susceptible to water stress than Hm and Hs, as indicated by the more-negative leaf water potential (Table 5 ) and higher δ Precipitation patterns in the current study site have changed substantially over recent decades, such as the increasing trend for small precipitation events, and longer periods of consecutive rainless days (Sun, Li, & Xu, 2007) . Hence, if long periods of consecutive rainless days occur occasionally, the frequency of shallow SWC deficiency will also increase during the growing season. This suggests that Hs and Hj will suffer greater water stress because of their high dependence on shallow soil water, especially during the early growing season, whereas
Hm can exploit deeper soil water and groundwater ( Figure 5h and Table 6 ). In addition, the annual mean evaporation amount in the study region has peaked at 1,300 mm (Li & Schroeder, 1996; Ohte et al., 2003; Haloxylon ammodendron could use groundwater, there was still low survival rate in the plantation because of the low groundwater level. Song et al. (2016) reported that dieback of older Mongolian pine trees was attributable to the decline in groundwater level in semiarid sandy areas of Northeast China.
Our results have important implications for the management of H. rhamnoides plantations. The depletion of deep soil water storage, combined with high consumption of shallow soil water, could result in additional water stress and may cause the dieback of tree crowns or even tree mortality (McDowell et al., 2008) . In the long term, the response of mature H. rhamnoides to the expected increase in the length and severity of seasonal drought as a result of climate change will likely cause a reduction in shallow soil water uptake and an increase in deep soil water uptake. Under such conditions, proper irrigation and thinning could be the most effective management practices for reforested shrubs to improve shallow soil water availability in the RFGF during the growing seasons. For example, at the peak of the growing season, when shallow soil water is less available, irrigation practices at the 5-and 10-year-old sites could effectively avoid water stress and optimally improve the growth of different-aged H. rhamnoides. These findings depend on 1-year field data on water uptake patterns of different age-related H. rhamnoides and have its limitations for implication of age-related dieback. Continued work toward the accurate characterization of physiological traits (e.g., stomatal conductance) of H. rhamnoides is necessary to investigate its water relations combined with its water uptake patterns across the growing seasons.
| CONCLUSIONS
In this study, shallow SWC showed high seasonal variation because of the direct influence of precipitation input and evaporation, whereas the variation in deep SWC was relatively stable at the 5-and 10-year-old sites. Significantly contrasting water uptake patterns were observed in the alpine shrub H. rhamnoides community. Seedling, juvenile, and mature H. rhamnoides primarily depended on both shallow and middle soil water during the early growing season, with a mean value of 76.5% ± 17.8% from these sources. As the shallow SWC reduced, water sources used by seeding H. rhamnoides and juvenile H. rhamnoides did not markedly change, whereas mature H. rhamnoides switched from using shallow to groundwater during the peak growing season, suggesting that these plants exhibit a high degree of plasticity in terms of their sources of water uptake. During the late growing seasons, the different-aged H. rhamnoides all extracted water from shallow soil layers. By contrast, the associated grasses (T. mongolicum, T. lanceolata, and P. sibiricum) mainly relied on shallow soil water (mean 91.6% ± 11.3%) throughout the growing seasons, indicating that direct competition for shallow soil water occurs between grasses and H. rhamnoides. The higher δ 13 C values of Hj suggest that it had experienced greater water stress with more negative Ψ l compared with that of seedling and mature H. rhamnoides, implying that juvenile H. rhamnoides adopt a conservative strategy to withstand the water stress. Hence, detailed information on the water uptake patterns for different-aged H. rhamnoides provide valuable insight for furthering our understanding of plant-water relationships and improving management practices of plantations in semiarid regions.
